* 


IEEE  TRANSACTIONS  ON  PLASMA  SCIENCE,  VOL.  30,  NO.  3,  JUNE  2002 


DISTRIBUTION  STATEMENT  A 

Approved  for  Public  Release  gg5 
Distribution  Unlimited 


A  Gyrotron-Traveling-Wave  Tube  Amplifier 
Experiment  With  a  Ceramic  Loaded 
Interaction  Region 

Morag  Garven,  Member,  IEEE,  J.  P.  Calame,  Member,  IEEE,  Bruce  G.  Danly,  Senior  Member,  IEEE, 
Khanh  T.  Nguyen,  Baruch  Levush,  Fellow,  IEEE,  F.  N.  Wood,  and  Dean  E.  Pershing 


Abstract — The  design  and  experimental  study  of  a  35-GHz  gy- 
rotron-traveling-wave  tube  (gyro-TWT)  amplifier  operating  in  the 
circular  TE0i  mode  at  the  fundamental  cyclotron  harmonic  are 
presented.  The  interaction  circuit  in  this  experiment  consisted  of 
a  new  type  of  ceramic  loading  that  provided  the  required  loss  for 
stable  operation.  A  saturated  peak  power  of  137  kW  was  measured 
at  34.1  GHz,  corresponding  to  a  saturated  gain  of  47.0  dB  and  an 
efficiency  of  17%,  with  a  — 3-dB  bandwidth  of  1.11  GHz  (3.3%). 
Peak  output  powers  in  the  range  of  102.1  to  148.6  kW  with  —  3-dB 
bandwidths  of  1.26  and  0.94  GHz,  respectively,  were  measured  by 
varying  the  operating  parameters.  The  gyro-TWT  was  found  to 
be  zero-drive  stable  at  these  operating  points,  demonstrating  that 
ceramic  loading  is  a  highly  effective  means  of  suppressing  spu¬ 
rious  oscillations  in  gyro-TWTs.  This  type  of  ceramic  loading  has 
the  added  advantage  of  being  compatible  with  high  average  power 
operation. 

Index  Terms — Ceramic  loading,  electron  beam,  gyro-traveling 
wave  tube  (gyro-TWT),  millimeter-wave  amplifier. 


I.  Introduction 

GYROTRON  amplifiers  are  being  developed  for  a  variety 
of  applications  that  require  high  power  in  the  millimeter 
wavelength  range  [1],  [2].  In  particular,  high-average  power 
gyrotron-traveling  wave  tubes  (gyro-TWTs)  are  being  devel¬ 
oped  at  the  Naval  Research  Laboratory  (NRL),  Washington, 
DC,  for  radar  applications,  both  in  the  TEoi  mode,  as  presented 
in  this  paper,  and  in  the  TEn  mode,  discussed  elsewhere  [3], 
[4].  Gyro-TWTs  offer  broader  bandwidth  than  gyroklystrons 
but  their  high-power  capability  has  been  somewhat  limited  in 
the  past  due  to  spurious  oscillations.  Recently  however,  high 
gain  and  power  were  demonstrated  in  a  gyro-TWT  amplifier 
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operating  in  the  TEn  mode  by  using  distributed  wall  losses 
to  suppress  spurious  oscillations  [5],  [6].  In  this  paper,  we 
present  a  new  method  of  stabilizing  the  gyro-TWT  that  involves 
controlled  loading  of  both  the  TEoi  operating  mode  and  the 
backward  wave  oscillations.  A  high  thermal  conductivity,  lossy 
ceramic  material  was  used  to  suppress  oscillations  with  the 
added  advantage  of  being  high-average  power  compatible  [7]. 

Gyro-TWT  research  in  various  frequency  ranges  has  been 
conducted  over  the  last  two  decades.  Early  35-GHz  gyro-TWT 
research  included  an  experiment  at  the  NRL,  which  produced 
16.6-kW  peak  power,  20-dB  saturated  gain,  7.8%  efficiency 
with  a  3-dB  bandwidth  of  1.5%  [8].  A  later  two-stage  tapered 
gyro-TWT  experiment,  also  at  NRL,  produced  8  kW  power, 
25  dB  saturated  gain,  16%  efficiency,  and  an  impressive  3-dB 
bandwidth  of  20%  [9].  Harmonic  gyro-TWTs  have  been 
investigated  at  the  University  of  California,  Davis,  CA,  where  a 
second  harmonic  gyro-TWT  in  the  Ku- band  produced  207  kW 
output  power,  16  dB  saturated  gain  with  12.9%  efficiency, 
and  a  bandwidth  of  2.1%  [10].  Third  [11]  and  even  sixth 
[12]  harmonic  gyro-TWTs  have  been  investigated.  Also  at 
the  University  of  California,  a  gyro-TWT  partially  loaded 
with  dielectric  produced  55  kW  peak  output  power,  27  dB 
saturated  gain,  and  a  -3  dB  bandwidth  of  11%  in  the  X-band 
frequency  range  [13].  Recently,  at  the  National  Tsing  Hua 
University  (NTHU),  Taiwan,  an  ultrahigh  gain  gyro-TWT 
amplifier  produced  93  kW  peak  power,  with  70  dB  saturated 
gain,  26.5%  efficiency,  and  a  -3  dB  bandwidth  of  8.6%  [5], 
[6].  This  unprecedented  gain  from  a  gyro-TWT  was  achieved 
by  employing  distributed  wall  losses  to  suppress  spurious 
oscillations.  Other  gyro-TWT  work  is  being  performed  at  the 
University  of  California  at  94  GHz  [14],  at  the  University  of 
Maryland,  College  Park,  at  32  GHz  [15],  [16],  and  a  35  GHz 
spiral  waveguide  gyro-TWT  has  been  demonstrated  by  a 
collaboration  between  the  University  of  Strathclyde,  Glasgow, 
U.K.,  and  the  Institute  of  Applied  Physics,  Nizhny  Novgorod, 
Russia,  [17]. 

The  dispersion  relation  for  the  TEoi  gyro-TWT  experiment  is 
shown  in  Fig.  1  where  frequency  in  Gigahertz  is  plotted  versus 
axial  wavenumber  (kz)  in  cm-1  for  the  TEn,  TE2i,  TE0i,  and 
TE02  waveguide  modes.1  The  fundamental  ( s  —  1)  and  second 
(5  =  2)  cyclotron  harmonic  beam-wave  resonance  lines  are  also 
plotted  for  a  beam  voltage  of  70  kV,  beam  alpha  of  1 .00,  mag¬ 
netic  field  of  12.61  kG,  and  a  waveguide  radius  of  0.5495  cm. 
Beam  alpha  (a)  is  defined  as  the  ratio  of  beam  transverse  and 
axial  velocities  (v±/vz).  The  gyro-TWT  interaction  occurs  at 
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Fig.  1.  The  dispersion  relation  for  the  fundamental  TE0i  gyro-TWT 
interaction  with  possible  gyro-BWOs  shown  as  solid  circles. 


the  intersection  of  the  fundamental  (s  —  l)  beam  line  and  the 
TE0i  waveguide  mode  (solid  lines  intersection  in  Fig.  1).  Unde¬ 
sirable  interactions  in  the  backward  wave  regime  (negative  kz) 
may  cause  backward  wave  oscillations  (BWOs)  and  are  shown 
by  the  solid  circles  in  Fig.  1.  These  BWOs  were  the  limiting 
factor  in  early  gyro-TWT  experiments  and  need  to  be  eliminated 
to  ensure  stable  operation. 

Different  types  of  distributed  losses  in  gyro-TWTs  have  been 
investigated  including  thin  lossy  coatings  [5]  and  slotted  waveg¬ 
uides  with  lossy  material  [11].  In  our  gyro-TWT  experiment,  we 
employed  a  long  loaded  section  of  constant  radius  which  con¬ 
sisted  of  lossy  ceramic  rings  spaced  with  metal  rings  to  provide 
controlled  loading  of  the  fundamental  TE0i  operating  mode. 
This  loading  scheme  also  suppressed  spurious  backward  wave 
oscillations  in  the  fundamental  TEn,  TE21,  and  second  har¬ 
monic  TE02  modes.  The  ceramic  elements  were  made  of  Cera- 
dyne  80%  aluminum  nitride  (AIN) — 20%  silicon  carbide  (SiC) 
by  weight.  The  nonlinear,  highest  power  portion  of  the  ampli¬ 
fication  occurred  in  a  short  conducting  wall  section  at  the  end 
of  the  interaction  region.  While  this  experiment  was  a  low-duty 
demonstration,  the  use  of  high  thermal  conductivity  ceramic 
should  allow  for  high-average  power  operation  with  the  addi¬ 
tion  of  ceramic  to  metal  brazing  and  water  cooling. 

The  remainder  of  the  paper  is  organized  as  follows.  In  Sec¬ 
tion  II,  the  detailed  design,  using  numerical  simulations,  and 
experimental  setup  of  the  gyro-TWT  are  presented.  The  exper¬ 
imental  results  and  stability  studies  are  reported  in  Section  III. 
The  conclusions  and  future  plans  are  discussed  in  Section  IV. 
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Fig.  2.  A  schematic  drawing  of  the  35  GHz  gyro-TWT  experiment. 


TE^  Input  Waveguide 
(rectangular) 


is  shown  propagating  through  to  the  circuit  with  one  ceramic  ring  modeled, 
(b)  Comparison  between  the  designed  (HFSS)  and  measured  transmitted  power 
versus  frequency  with  no  ceramic  ring  included. 


n.  Experimental  Design 


A.  TE{)\  Gyro-TWT  Circuit  Design 

A  schematic  diagram  of  the  gyro-TWT  experiment  is  shown 
in  Fig.  2.  The  gyro-TWT  circuit  consisted  of  the  input  coupler, 
the  loaded  interaction  section,  the  unloaded  interaction  section, 
and  the  nonlinear  output  taper.  The  detailed  design  of  these  com¬ 
ponents  is  discussed  in  this  section. 

The  input  coupler  was  designed  using  the  High-Frequency 
Structure  Simulator  (Ansoft’s  HFSS)  to  operate  in  the  TE0i 


mode  across  the  band  of  33.3-36  GHz.  The  input  coupler  de¬ 
sign  used  a  traveling  wave  version  of  the  rectangular  to  coaxial 
chamber  to  circular  beam  tunnel  geometry  used  previously  in 
gyroklystron  experiments  [18]  and  was  similar  to  that  designed 
by  McDermott  et  al  [14].  Fig.  3(a)  shows  an  HFSS  simulation 
of  the  input  coupler,  where  the  electron  beam  proceeds  from 
the  drift  tube  (below  cutoff)  to  the  input  coupler  and  on  to  the 
ceramic  loaded  interaction  circuit  (one  ceramic  ring  was  mod¬ 
eled).  The  drive  signal  was  injected  into  a  rectangular,  if  a-band, 
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waveguide  port  which  connected  to  a  cylindrical  coaxial  cavity. 
The  input  was  the  fundamental  TExo  rectangular  mode  that  cou¬ 
pled  via  a  rectangular  aperture  to  the  TE4n  coaxial  cavity  mode. 
Four  rectangular  apertures  spaced  90°  in  azimuth  enabled  the 
TE411  mode  to  couple  to  the  operating  TEoi  cylindrical  mode. 
These  four  coupling  slots  were  positioned  such  that  the  mag¬ 
netic  field  of  the  TE4n  mode  at  the  slots  was  aligned  to  that  of 
the  TE0i  mode  in  the  central  coupler. 

Cold  test  measurements  of  the  input  coupler  with  no  ceramic 
loading  were  performed  with  good  agreement  found  between 
theory  (HFSS)  and  measurements,  as  shown  in  Fig.  3(b).  The 
transmission  measurement  resulted  in  an  input  coupler  loss  of 
~0.25  dB  at  34  GHz  and  >  -2  dB  coupling  from  33.5  to 
35.5  GHz.  The  input  coupler  reflected  power  was  measured  to 
be  <  -5  dB  in  the  operating  mode  with  <  -25  dB  coupling  to 
the  TEn  and  TE2i  modes  across  this  band.  The  total  length  of 
the  unloaded  input  coupler  was  1.5  cm,  which  was  well  below 
the  critical  length  for  start  oscillation  for  all  modes  as  calculated 
from  linear  theory  [19].  The  inner  radius  of  the  cylindrical  input 
coupler  was  the  same  as  the  circuit  radius  (0.5495  cm),  hence 
the  TE0i  mode  propagated  on  to  the  gyro-TWT  interaction  re¬ 
gion  with  no  step  or  taper. 

The  gyro-TWT  interaction  circuit  was  designed  using  the 
self-consistent,  time-dependent,  quasi-three-dimensional  code 
MAGY  [20].  This  code  was  previously  used  to  design  and  model 
gyroklystron  amplifiers  [21]  and  was  also  used  to  design  a  TEn 
gyro-TWT  [3].  The  lengths  of  the  loaded  and  unloaded  sections 
were  chosen  to  satisfy  stability  constraints  as  well  as  overall 
amplifier  gain,  bandwidth,  and  efficiency  performance  based  on 
linear  theory  calculations  [19]  and  MAGY  simulations.  The  crit¬ 
ical  oscillation  lengths  of  any  spurious  modes  for  an  unloaded 
waveguide  of  radius  0.5495  cm  were  calculated  and  the  limiting 
length  was  determined  to  be  4.55  cm  for  the  TE02  second  har¬ 
monic  mode.  Hence,  the  copper  unloaded  section  was  chosen  to 
be  4  cm  in  length  to  ensure  stability. 

The  total  length  of  the  interaction  region  was  extended  by  in¬ 
troducing  a  loaded  region,  which  allowed  for  high  gain,  stable 
operation.  The  required  loss  rate  for  stability  of  the  TE0i  op¬ 
erating  mode  was  calculated  to  be  3.44  dB/cm  at  35  GHz  [7]. 
The  corresponding  loss  rates  for  the  BWO  modes,  TEn,  TE2i, 
TE02  were  3.04  dB/cm  at  25  GHz,  12.5  dB/cm  at  28  GHz,  and 
18.4  dB/cm  at  61  GHz,  respectively.  This  loss  was  included  in 
the  MAGY  calculations  and  stability  of  the  TE01  mode  and  the 
BWO  modes  was  investigated.  Simulations  indicated  that  this 
loss  rate  was  sufficient  to  suppress  all  oscillations  for  beam  cur¬ 
rents  of  8-12  A,  beam  voltages  of  65-75  kV,  and  beam  alphas 
of  0.9-1.10. 

The  required  cold  loss  of  3.44  dB/cm  at  35  GHz  in  the  TE0i 
operating  mode  was  achieved  by  using  ceramic  rings  of  length 

I  cm  and  an  inner  radius  of  0.5495  cm  made  of  80%  AIN — 20% 
SiC.  The  complex  dielectric  permittivity  was  e*  =  ef  —  je”  = 

II  —  2.2 j,  which  was  experimentally  measured  at  35  GHz  for 
80%  AIN — 20%  SiC  at  room  temperature  [22]  and  the  thermal 
conductivity  was  «35  Wm^K-1.  The  radial  thickness  of  the 
ceramic  was  0.14  cm  and  was  chosen  to  be  where  the  TE02 
mode  attenuation  reaches  a  minimum  that  occurs  when  the  field 
at  the  dielectric  is  small.  This  resulted  in  the  field  structure  in 


Fig.  4.  Measured  cold  test  results  for  three  circuit  ceramics  and  comparison 
with  theory  for  the  TE0i  operating  mode. 

the  vacuum  being  close  to  that  of  the  unloaded  TE0i  mode  with 
a  similar  propagation  constant  [7].  The  total  loaded  interaction 
region  of  23-cm  length  and  0.5495-cm  radius  consisted  of  20 
ceramic  rings  alternating  with  copper  rings  of  0.15-cm  length. 
The  copper  rings  were  incorporated  into  the  design  for  ease  of 
assembly  and  to  help  collect  stray  electrons  that  could  poten¬ 
tially  cause  breakdown.  Also,  including  metal  rings  allows  the 
loading  of  nonaxisymmetric  parasitic  modes  to  be  adjusted  se¬ 
lectively  due  to  the  absence  of  axial  currents  in  the  TEon  modes 

VI 

The  cold  test,  transmission  properties  of  three  circuit  ce¬ 
ramics  plus  copper  rings  (total  length  3.45  cm)  were  measured 
for  the  TE01  operating  mode.  The  cold  loss  was  calculated 
by  using  a  known  value  of  the  loss  tangent  (tan#  =  0.20) 
for  80%  AIN— 20%  SiC  at  35  GHz  [22].  Fig.  4  shows  the 
measured  cold  test  results  for  three  circuit  ceramics  compared 
with  calculations  performed  using  a  version  of  CASCADE  [23] 
which  was  modified  to  include  lossy,  dielectric  material.  The 
cold  loss  for  the  TEqi  mode  was  measured  to  be  3.51  dB/cm 
at  35  GHz,  which  agreed  well  with  both  the  CASCADE 
value  of  3.39  dB/cm  and  the  theoretically  calculated  value  of 
3.44  dB/cm  at  35  GHz  [7].  Similar  agreement  was  obtained  for 
a  measurement  of  the  TEn  mode. 

A  schematic  of  the  circuit  geometry  in  Fig.  5(a)  shows  the 
input  coupler,  23-cm  loaded  section  and  4-cm  unloaded  section 
all  with  the  same  continuous  wall  radius  of  0.5495  cm.  The  mag¬ 
netic  field  profile  and  calculated  spatial  power  (MAGY)  profile 
at  35  GHz  for  a  65-kV  10-A  alpha  =  0.90  electron  beam  are 
also  shown.  The  power  profile  clearly  illustrates  the  low  power, 
linear  stage  of  amplification  in  the  loaded  interaction  region 
and  the  high-power  nonlinear  stage  in  the  short  unloaded  re¬ 
gion.  In  this  simulation,  the  magnetic  field  was  set  at  98%  of 
the  grazing  field  in  the  interaction  section  of  the  circuit.  The 
nonlinear  uptaper  was  designed  to  minimize  reflection  of  the 
operating  mode  and  to  ensure  minimal  mode  conversion.  Re¬ 
turn  loss  from  the  uptaper  was  cold  tested  and  measured  to  be 
below  -20  dB  across  th£  band,  as  necessary  to  avoid  any  spu¬ 
rious  oscillations  or  reflections.  The  start  oscillation  currents  for 
the  TE01  operating  mode  and  for  the  BWOs,  including  the  prob¬ 
lematic  second  harmonic  TE02  mode,  were  calculated  and  found 
to  be  above  the  planned  operating  current  range  of  8-1 1  A. 
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Fig.  5.  MAGY  simulations  of  the  gyro-TWT  experiment,  (a)  Geometry, 
magnetic  field,  and  calculated  output  power,  (b)  Simulations  demonstrating  the 
effect  of  perpendicular  velocity  spread  on  output  power  and  bandwidth. 

The  performance  of  the  gyro-TWT  was  calculated  using 
MAGY  and  the  effect  of  velocity  spread  on  bandwidth  is  clearly 
illustrated  in  Fig.  5(b).  For  the  ideal  case  of  0%  perpendicular 
velocity  spread,  a  peak  power  of  165  kW  was  calculated 
with  a  saturated  gain  of  43  dB,  an  efficiency  of  30%,  and  a 
—3  dB  bandwidth  of  2.7  GHz  (^8%).  In  these  simulations, 
increasing  the  velocity  spread  resulted  in  reduced  output  power 
and  bandwidth.  For  a  perpendicular  velocity  spread  of  7.5%,  a 
reduced  peak  power  of  118  kW  was  calculated  with  a  -3  dB 
bandwidth  of  1.25  GHz  (f^4%).  The  electron  gun  used  in 
this  experiment  had  a  high  perpendicular  velocity  spread,  in 
the  region  of  8%-10%,  since  it  was  previously  designed  for 
higher  beam  voltage  (80  kV)  and  alpha  operation  (1.4)  for  a 
different  application.  This  high  value  of  perpendicular  velocity 
spread  was  undesirable  for  optimum  bandwidth  operation  of 
the  gyro-TWT,  as  shown  from  Fig.  5(b),  but  was  deemed  ac¬ 
ceptable  for  an  initial  gyro-TWT  demonstration  of  the  ceramic 
loading  scheme.  MAGY  simulations  indicated  that  reasonable 
output  power,  gain,  and  bandwidth  were  still  achievable  with 
this  high  value  of  velocity  spread  for  a  proof-of-principle 
experiment.  Clearly,  the  future  substitution  of  a  higher  quality 
electron  gun  would  significantly  improve  the  performance  of 
this  gyro-TWT  in  terms  of  peak  power  and  bandwidth. 

B.  Experimental  Setup 

The  gyro-TWT  experimental  setup  was  similar  to  that  of  pre¬ 
vious  35  GHz  gyroklystron  experiments  [24],  [25]  and  is  shown 
schematically  in  Fig.  2.  The  experiment  consisted  of  the  elec¬ 
tron  gun,  magnetic  field,  input  source,  input  coupler,  gyro-TWT 
circuit,  beam  collector,  output  windows,  and  RF  measurement 
diagnostics.  The  detailed  input  coupler  and  gyro-TWT  circuit 
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Fig.  6.  Typical  measured  waveforms  of  the  input  pulse,  cathode  voltage, 
modulating  anode  voltage,  and  collected  beam  current  from  the  gyro-TWT. 

design  were  described  in  the  previous  section.  The  remaining 
components  are  described  in  this  section. 

The  electron  beam  was  produced  from’  a  thermionic,  double 
anode,  magnetron  injection  gun  (CPI  model  VUW-8035)  with 
beam  voltages  of  70-72  kV  and  beam  currents  of  8-1 1  A  for  this 
experiment.  Typical  voltage,  current,  and  input  pulse  waveforms 
are  shown  in  Fig.  6.  The  input  pulse  was  positioned  in  the  center 
of  the  flat  region  of  the  voltage  and  current  waveforms  for  these 
experiments. 

The  electron  beam  was  adiabatically  compressed  from  the 
MIG  to  the  circuit  region  by  a  solenoidal  magnetic  field.  The 
uniform  interaction  field  of  typically  12.60  kG  was  gener¬ 
ated  by  a  variable  14-coil  superconducting  magnet  with  the 
gyro-TWT  circuit  positioned  in  this  flat  field  region.  Two  con¬ 
ventional  water  cooled  gun  coils  provided  control  of  cathode 
magnetic  field  and,  hence,  beam  alpha  during  the  experiment.  A 
capacitive  probe  was  used  to  measure  alpha  and  was  calibrated 
using  a  numerical  finite  difference  method  [25]. 

After  the  unloaded  high-gain  section  of  the  gyro-TWT,  the 
spent  electron  beam  and  the  high  power  RF  entered  a  nonlinear 
uptaper  followed  by  a  copper,  water-cooled  collector  or  beam 
dump  (Fig.  2).  Gradual  deposition  of  the  electron  beam  was 
achieved  by  decreasing  the  magnetic  field  profile  through  the 
nonlinear  uptaper  and  beam  collector  regions.  The  collector  also 
functioned  as  the  output  waveguide  between  the  RF  circuit  and 
the  output  windows.  ! 

A  double  disk  output  window  assembly  was  designed  to  pro¬ 
vide  broad  bandwidth  performance.  Two  BeO  disks  of  half¬ 
wavelength  thickness  (0.17  cm)  were  spaced  0.26  cm  apart  to 
provide  less  than  -20  dB  reflection  over  2.5-GHz  bandwidth 
centered  at  34.5  GHz.  The  first  BeO  disk  provided  the  vacuum 
seal  to  the  experiment  and  the  second  disk  was  positioned  in 
air.  The  experiment  operated  under  a  high  vacuum  of  x 
10“8  torr.  j 

The  output  power  was  measured  using  an  anechoic  chamber 
[26]  with  a  pickup  antenna  positioned  at  the  angle  of  the 
maximum  of  the  TEoi  mode  radiation  pattern  (11.5°).  This 
antenna  could  be  swept  in  polar  angle  relative  to  the  central 
axis  of  the  experiment  to  measure  radiation  patterns.  Cold  tests 
with  the  input  source  and  power  meters  were  used  to  calibrate 
this  chamber.  The  peak  output  power  pulse  was  observed  and 
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Fig.  7.  (a)  Measured  peak  output  power  versus  input  power  for  three  drive 
frequencies  of  33.60,  34.00,  and  34.60  GHz.  (b)  Measured  output  power  versus 
frequency  for  a  constant  input  power  of  2.3  W. 


measured  during  these  experiments  using  a  calibrated  HP 
peak  power  analyzer  setup  in  conjunction  with  the  cold  test 
calibration,  and  the  estimated  systematic  accuracy  was  ±7%. 

The  input  source  was  a  26.5-40  GHz  10-W  continuous  wave 
traveling  wave  tube  (Hughes  model  801  OH  12).  This  TWT  was 
pulsed  to  produce  2-fis  input  signals  with  a  repetition  rate  of 
2  Hz  for  these  experiments.  The  TWT  output  power  was  varied 
by  using  a  rotary  attenuator.  A  bi-directional  coupler  allowed 
the  measurement  of  the  input  and  reflected  powers  using  cali¬ 
brated  attenuator,  sensor,  and  peak  power  analyzer  assemblies. 
The  input  frequency  was  determined  by  the  HP  sweeper  used  to 
drive  the  Hughes  TWT. 


III.  Experimental  Results  and  Discussion 
A.  Peak  Power  and  Bandwidth  Studies 

Experiments  were  performed  to  study  the  operating  charac¬ 
teristics  of  the  gyro-TWT.  An  initial  study  of  the  optimum  oper¬ 
ation  of  the  gyro-TWT  amplifier  in  terms  of  peak  output  power 
and  bandwidth  was  undertaken  while  also  ensuring  that  the  de¬ 
vice  was  zero  drive  stable.  For  the  purpose  of  this  experimental 
discussion,  bandwidth  refers  to  the  —3  dB  bandwidth.  Fig.  7(a) 
shows  drive  curves  measured  at  three  different  frequencies  for 
a  beam  voltage  of  72  kV,  beam  current  of  10  A,  magnetic  field 
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Fig.  8.  TEqi  output  mode  pattern  measured  using  the  anechoic  chamber. 


of  12.55  kG,  and  a  beam  alpha  of  1.05,  all  held  constant.  From 
these  results,  a  drive  power  of  2.3  W  was  chosen  to  maximize 
bandwidth  and  the  frequency  response  was  measured  for  these 
constant  beam  parameters.  A  peak  power  of  130  kW  was  mea¬ 
sured  at  34.0  GHz  corresponding  to  a  saturated  gain  of  47.5  dB 
and  an  efficiency  of  1 8%,  Fig.  7(b).  The  bandwidth  for  this  case 
was  1.0  GHz  (3%).  Further  studies  involved  varying  the  mag¬ 
netic  field,  current,  voltage,  and  alpha  around  these  values. 

Fig.  8  shows  the  TE0i  mode  pattern  scan  measured  using  the 
anechoic  chamber.  The  angle  of  the  pickup  antenna  was  varied 
from  0°  to  45°  while  the  output  power  was  measured.  The  de¬ 
tected  power  has  been  normalized  to  its  maximum  value  and 
the  radiation  pattern  in  Fig.  8  was  measured  at  a  nominal  oper¬ 
ating  point  that  produced  a  saturated  power  of  130  kW,  gain  of 
52  dB,  and  an  efficiency  of  19%  for  a  frequency  of  34.0  GHz. 
This  mode  pattern  scan  was  measured  with  a  beam  voltage  of 
70  kV,  10-A  beam  current,  alpha  of  1.08,  and  a  magnetic  field 
of  12.68  kG  and  was  consistent  with  a  TE0i  radiation  mode 
pattern. 

The  dependence  of  peak  output  power  on  input  drive  power 
for  a  range  of  frequencies  was  investigated.  Fig.  9  shows  mea¬ 
surements  taken  with  a  magnetic  field  setting  of  12.56  kG,  a 
beam  voltage  of  70  kV,  a  beam  current  of  10  A,  and  a  beam  alpha 
of  1.08.  With  these  values  held  constant,  the  drive  curves  were 
measured  for  four  different  frequencies  as  shown  in  Fig.  9(a). 
The  required  input  power  to  saturate  ranged  from  0.07  W  for 
a  drive  frequency  of  33.50  GHz  to  0.85  W  at  34.00  GHz  while 
2.5  W  was  not  enough  power  to  saturate  at  34.30  GHz.  The  max- 
imum  achievable  input  drive  power  was  «2.5  W  due  to  input 
power  line  and  input  coupler  losses. 

The  frequency  responses  for  a  range  of  input  powers  were 
measured,  at  the  previous  settings,  as  shown  in  Fig.  9(b).  With  a 
constant  input  power  of  0.25  W,  a  peak  output  power  of  120  kW 
was  measured  at  a  frequency  of  33.95  GHz  and  the  bandwidth 
was  0.70  GHz.  Increasing  the  drive  power  resulted  in  an  increase 
in  peak  output  power  and  bandwidth.  For  a  0.80-W  drive,  a 
peak  output  power  of  133  kW  was  measured  at  33.95  GHz  with 
0.77-GHz  bandwidth.  Increasing  the  drive  power  further  resulted 
in  broader  bandwidth  with  slightly  reduced  output  power.  For 
example,  with  1.70-W  input  power,  a  peak  output  power  of  121 
kW  was  measured  at  34.10  GHz  with  an  increased  bandwidth  of 
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Fig.  9.  (a)  Measured  output  power  versus  input  power  for  a  range  of 
frequencies,  (b)  Peak  output  power  versus  frequency  showing  the  power  and 
bandwidth  dependence  on  input  power. 

0.90  GHz.  The  increase  in  peak  frequency  with  drive  power  was  a 
result  of  the  low-frequency  end  of  the  band  being  over-saturated. 
The  gyro-TWT  amplifier  demonstrated  a  tradeoff  in  terms  of 
peak  output  power  versus  bandwidth,  which  was  obtained  by 
varying  the  input  drive  power  for  constant  magnetic  field,  voltage, 
current,  and  beam  alpha. 

The  behavior  of  the  gyro-TWT  interaction  with  varying 
magnetic  field  was  also  investigated.  In  Fig.  10(a),  for  a  beam 
voltage  of  70  kV,  current  of  1 0  A,  alpha  of  1 .08,  and  drive  power 
of  2.5  W  all  held  constant,  the  magnetic  field  was  increased 
from  12.48  to  12.68  kG.  Increasing  the  magnetic  field  had 
the  effect  of  increasing  the  bandwidth  at  the  expense  of  peak 
output  power.  Ther^  was  also  a  corresponding  increase  in  peak 
frequency  with  increased  magnetic  field.  For  example,  with  the 
magnetic  field  setting  of  12.48  kG,  a  peak  power  of  128.6  kW 
was  measured  at  34.0  GHz  with  a  bandwidth  of  0.88  GHz.  At 
the  highest  magnetic  field  of  12.68  kG,  the  bandwidth  increased 
to  1.10  GHz  and  the  peak  power  was  85.5  kW  at  34.3  GHz! 

A  similar  study  was  performed  for  higher  beam  current 
and  voltage  of  11  A  and  73.5  kV,  respectively.  As  shown 
in  Fig.  10(b),  higher  beam  power  resulted  in  higher  output 
power  and  broader  bandwidth.  With  a  magnetic  field  setting 
of  12.48  kG,  a  peak  power  of  148.6  kW  was  measured  at 
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Fig.  10.  Measured  frequency  responses  with  increasing  magnetic  field  for 
(a)  beam  voltage  of  70  kV,  beam  current  of  10  A,  and  (b)  beam  voltage  of 
73.5  kV,  beam  current  of  11  A. 

34.0  GHz  with  a  bandwidth  of  0.94  GHz.  As  the  magnetic  field 
was  increased  to  12.55  kG,  the  power  reduced  to  136.9  kW  at 
34.1  GHz  while  the  bandwidth  increased  to  1.1 1  GHz  (3.33%). 
At  the  highest  field  of  12.68  kG,  the  bandwidth  increased 
to  1.26  GHz  with  a  reduced  output  power  of  102.1  kW  at 
34.3  GHz.  . 

B .  Stability  of  the  Gyro-TWT 

The  stability  of  the  gyro-TWT  was  of  great  interest  due  to 
the  new  ceramic  loading  scheme.  Stability  measurements  were 
performed  with  no  input  signal  while  the  electron  beam  was 
propagating.  The  TEoi  bperating  mode  was  observed  using  the 
output  power  peak  analyzer  setup  described  in  Section  II-B.  A 
second,  higher  frequency  pickup  waveguide  (60-70  GHz)  was 
positioned  at  an  angle  of  3.4°  to  detect  the  second  harmonic 
TE02  mode.  This  detector  was  not  calibrated  due  to  the  lack  of 
a  suitable  source,  however  the  response  gave  a  crude  indication 
of  the  presence  of  the  second  harmonic  TE02  mode  expected  to 
be  at  ^61  GHz.  i 

It  should  be  noted  that  the  gyro-TWT  was  zero-drive  stable 
for  all  plots  discussed  in  the  previous  results  section.  However, 
if  the  beam  alpha  was  increased  at  the  various  magnetic  field 
settings  with  the  drive  off,  then  an  instability  was  eventually 
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Fig.  11.  Measured  power  and  frequency  of  spurious  oscillations  versus 
magnetic  field  for  zero-drive  power.  The  optimum  operating  regime  for  the 
TE0i  gyro-TWT  amplifier  was  in  the  stable  region. 

observed  and  identified  as'a  self-oscillation  of  the  TEoi  oper¬ 
ating  mode.  As  alpha  was  increased  further,  the  TE02  second 
harmonic  instability  was  also  detected  and  appeared  to  suppress 
the  TEoi  mode  as  alpha  was  increased  even  further. 

Localized  reflective  oscillations  have  been  calculated  and 
measured  for  a  TEn  mode  gyro-TWT  by  Chu  et  al  [5].  These 
oscillations  occur  in  the  unloaded  section  of  the  gyro-TWT  due 
to  reflections  at  the  ceramic  to  metal  and  output  taper  transi¬ 
tions.  These  localized  oscillations  were  observed  in  this  TEoi 
gyro-TWT  experiment  by  increasing  the  magnetic  field  above 
the  optimum  region  for  amplification.  The  measured  oscillation 
power  and  frequency  as  a  function  of  interaction  magnetic  field 
are  shown  in  Fig.  11.  With  the  drive  power  off,  the  magnetic 
field  was  increased  while  the  TEoi  mode  and  TE02  mode 
detectors  were  monitored.  The  TEqh  gyromonotron-like  oscil¬ 
lation  was  observed  to  have  a- very  sharp  rise  in  power  ^80  kW 
in  the  magnetic  field  region  of  12.88  kG  with  a  frequency  of 
ps33.5  GHz  recorded.  As  the  magnetic  field  was  increased 
beyond  13  kG,  no  reliable  frequency  was  recorded  due  to  mode 
jumping  between  the  TE0i  axial  modes.  These  measurements 
were  consistent  with  previously  published  gyro-TWT  theory 
and  results  [5],  and  demonstrated  the  existence  of  localized 
reflective  oscillations  in  this  experiment  at  high  magnetic  fields. 

IV.  Conclusion 

A  35  GHz  gyro-TWT  with  a  ceramic  loaded  interaction 
region  was  designed  and  operated  in  the  circular  TEoi  mode 
at  the  fundamental  harmonic.  By  varying  system  parameters, 
this  gyro-TWT  achieved  peak  output  powers  in  the  range 
of  102.1-148.6  kW  with  bandwidths  of  1.26  and  0.94  GHz, 
respectively.  The  stability  of  this  device  was  excellent,  demon¬ 
strating  that  ceramic  loading  is  a  highly  effective  means 
of  suppressing  spurious  oscillations  in  gyro-TWTs.  This 
proof-of-principle  device  operated  with  low  duty  cycle,  but 
the  design  used  a  high  thermal  conductivity,  ceramic  loaded 
section  that  requires  only  ceramic  to  metal  brazing  and  water 
cooling  to  be  high-average  power  compatible.  The  peak  ohmic 
power  dissipated  in  the  highest  gain  section  of  the  loading 
(the  final  ceramic  element  of  1  cm  length)  was  calculated  to 


be  «6.5  kW  for  a  peak  output  power  of  ^150  kW.  Assuming  * 
a  10%  duty  factor,  this  corresponds  to  an  average  power  loss 
of  «190  W/cm2  in  the  final  ceramic,  which  is  comparable 
to  the  power  loading  of  ceramics  in  a  high-average  power 
gyroklystron  [21].  Further  investigation  of  the  high-average 
power  compatibility  of  the  loading  scheme  will  be  undertaken 
in  the  future.  ) 

This  gyro-TWT  was  designed  using  MAGY.  Further  studies 
and  comparisons  will  be  performed  to  fully  understand  and 
model  the  ceramic  loading  scheme  using  a  new  version  of 
MAGY  that  includes  lossy  materials  [27].  The  bandwidth  of 
this  gyro-TWT  was  limited  by  the  performance  of  the  electron 
gun,  which  had  a  perpendicular  velocity  spread  of  «8%-10%. 
Simulations  indicated  that  by  reducing  the  velocity  spread,  the 
bandwidth  could  be  more  than  doubled.  The  components  of 
the  TEoi  gyro-TWT  were  designed  to  be  compatible  with  a 
lower  velocity  spread  electron  gun  and  for  optimum  bandwidth 
operation.  The  input  coupler  and  double  disk  output  windows 
were  both  measured  to  have  a  -3  dB  bandwidth  of  2.5  GHz. 
Hence,  this  experiment  could  be  upgraded  to  a  higher  average 
power,  broader  bandwidth  gyro-TWT  in  the  future. 
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